Introduction
============

Ageing is a multifactorial process developing at different rates depending on individual, environmental, and life style factors.^([@B1])^ Ageing is among others a substantial risk factor for most human diseases. The underlying mechanism of the aging process is still unclear. Ageing is characterized by impaired responsiveness to stress and by reduced efficacy of endogenous protective mechanisms.^([@B2])^ It is postulated that the imbalance between pro-oxidant generation and antioxidant defences increases during ageing. Mitochondria constitute the major source of reactive oxygen species (ROS) within the cell. The mitochondrial theory of ageing holds that the accumulation of ROS damage over time leads to age-associated mitochondrial impairment.^([@B3],[@B4])^ Another age-related alteration is the decline in mitochondrial ability to synthesize ATP.^([@B5],[@B6])^

Coenzyme Q10 (CoQ10) is ubiquitously synthesized in almost all cells and membranes of human tissues. CoQ10 is suspected to be involved in age-related alterations of cells and membranes. Due to its two main functions as an electron carrier in mitochondrial bioenergetics and as a lipophilic antioxidant, deficiency in CoQ10 may impair mitochondrial energy production and increase production of ROS, or susceptibility toward them. CoQ10 is associated with several age-related diseases like diabetes, hypercholesterolemia, cardiac insufficiency, and neurodegenerative diseases, and the beneficial effects of CoQ10 supplementation are discussed.^([@B7],[@B8])^ For instance, in Parkinson's disease, there is a marked decrease in mitochondrial CoQ10 levels,^([@B9])^ while the exogenous uptake of CoQ10 slows the progressive disability.^([@B10])^

The ageing process is thought to influence CoQ concentration in tissue and plasma samples in several species. Beyer *et al.*^([@B11])^ found that CoQ content of several tissues in rats increased after birth, reaching a maximum level at 18 months, after which CoQ content decreased with advancing age. In pigs and mice the CoQ level decreases with age, while the oxidized proportion increases.^([@B12])^ Kamzalov *et al.*^([@B13])^ have postulated that age-related changes of CoQ are more obvious in mitochondria, where CoQ biosynthesis takes place. They found no significant differences in CoQ content in plasma or several tissue homogenates from rats at different ages, whereas the mitochondrial level of CoQ in tissues decreased with age. Likewise, the mitochondrial CoQ content in mouse skeletal muscle decreased with age.^([@B14])^ In rat brains, there are no changes in CoQ levels after an initial increase during the first month of life,^([@B15])^ and in human brain,^([@B16],[@B17])^ heart and pancreas,^([@B18])^ lower concentrations of CoQ in elderly people are reported. CoQ10 measurement in tissues is considered to be the most reliable standard for diagnosis of CoQ10 deficiency.

While tissue CoQ10 levels mainly depend on *de novo* synthesis,^([@B19])^ plasma CoQ10 concentrations are significantly influenced by dietary uptake.^([@B20])^ However, serum or plasma CoQ10 concentrations are frequently used clinically as a raw proxy for the functional CoQ10 status in humans. CoQ10 is considered the main antioxidant in low-density lipoproteins (LDLs). Lower CoQ10 levels in plasma are related to higher lipid peroxidation.^([@B21])^ It is thought that CoQ10 levels decrease in ageing individuals.^([@B22])^ On the other hand, there are studies^([@B1],[@B23],[@B24])^ that indicate that plasma CoQ10 levels in older people are higher than in young people. Besides ageing, sex may influence the blood level of CoQ10; given that the antioxidative defences in LDLs tend to decrease in a sex-specific manner in ageing men.^([@B25])^ As the findings on CoQ10 plasma levels during ageing are inconsistent and often not associated with lipoprotein concentration, and furthermore, information on changes in the redox status is missing, the present study was conducted to examine the impact of aging and sex on total and cholesterol-adjusted CoQ10 concentration and redox-status in a large cohort of 860 subjects aged 18--82 years.

Materials and Methods
=====================

Basic study population
----------------------

Sample characteristics of subjects and study design have been recently described.^([@B26])^ In short: we determined the CoQ10 status in a large European study collective (*n* = 1,911), which was based on the PopGen control cohort^([@B27])^ and the FoCus cohort.^([@B28])^ The participants in this European study collective were recruited in cooperation with the University Hospital Schleswig-Holstein (UKSH), Kiel, Germany as healthy blood donors, or in the adiposity ambulance of UKSH. In the present study, we used sub-groups 1, 3 and 4 for analysis.^([@B26])^ Out of this pool, we used 860 subjects (age range 18--82 years) who fulfilled the inclusion criteria based on questionnaires regarding prevalent diseases (diagnosed by a physician). Exclusion criteria for participation were diabetes, or hepatic, renal or gastrointestinal diseases (chronic diarrhea and inflammatory bowel diseases). Subjects with a history of apoplexy or suffering from neurological disorders (Parkinson's disease, epilepsy, essential tremor, and restless legs syndrome), cardiac insufficiency or coronary heart diseases were excluded. The upper limit for total cholesterol was set at \<6.2 mmol/L (high-risk group), and for body mass index at \<40 kg/m^2^ (adiposity grade III, extreme). The participants had an average BMI of 26.3 ± 4.7 kg/m^2^ and cholesterol concentration of 4.6 mmol/L. A total of 58% were female. The study was approved by the Ethics Committee of the Medical Faculty and was consistent with the Declaration of Helsinki. All volunteers gave written consent.

Intervention study
------------------

Subject characteristics and study design for the intervention study have been described previously.^([@B29])^ Fifty-three healthy male volunteers aged between 21 and 48 years received 150 mg/day of the reduced form of CoQ10 (Q~10~H~2~, ubiquinol; Kaneka Corporation, Japan) with each principal meal for 14 days. Fasting blood samples were taken before (T~0~) and after (T~14~) supplementation. Heparin-plasma was frozen at −84°C until analysis.

Sample preparation and analysis
-------------------------------

Blood samples were taken after an overnight fast and immediately centrifuged. Serum samples were stored at −84°C. The simultaneous analysis of both the oxidized (ubiquinone-10) and reduced forms (ubiquinol-10) of CoQ10 was based on the method of high-performance liquid chromatography (HPLC) with electrochemical detection, as described previously.^([@B30])^ As internal standards, 56 pmol ubiquinol-9 plus 9 pmol ubiquinone-9 (Sigma--Aldrich, Taufkirchen, Germany) in 50 µl ethanol were added to a 50-µl serum aliquot. After hexane extraction and centrifugation (5 min, 1,000 *g*, 4°C), the separated hexane phase was evaporated to dryness under a stream of argon and the dry residue was re-dissolved in 50 µl ethanol for injection into the HPLC system. The analytical column was a Prontosil 120-3-C18-SH PEEK column (Bischoff, Leonberg, Germany). The detection system consisted of a Coulochem II electrochemical detector (ESA, Bedford, MA) connected with a Model 5021A conditioning cell and a Model 5011A analytical cell. A 10-µl sample was stored at −84°C for analysis of cholesterol (CHOD-PAP enzymatic photometric test, Human Diganostics, Wiesbaden, Germany).

Analysis of CoQ10 was performed during 2011--2014. On each day the co-analysis of pool samples verified that redox status and concentration were maintained within control limits (3 sigma).

Statistics
----------

Statistical analysis was performed using the Winstat software package (R. Fitch Software, Bad Krozingen, Germany). Data are expressed as the mean ± SDM. To test for significant differences regarding sex, the Mann--Whitney *U* test was used. To test for significant differences regarding CoQ10 status and cholesterol concentration between age groups, one-way-analysis of variance (Scheffe post hoc test) was used. The correlation of parameters was tested by Spearman's rank correlation. The significance level was set at *p*\<0.05 for all tests.

Results and Discussion
======================

Sex-specific changes in CoQ10 status in different age groups
------------------------------------------------------------

The study subjects (*n* = 860) were divided into three age groups: young (18--40 years, *n* = 326), middle aged (41--60 years, *n* = 388), and old (61--82 years, *n* = 146) (Table [1](#T1){ref-type="table"}). We found an inverse U-shaped relationship between CoQ10 concentration and age, with the highest concentrations in middle-aged subjects. The cholesterol level increased during ageing in women; whereas in men, cholesterol concentration was lower in old than middle-aged subjects. Cholesterol-related CoQ10 concentration exhibited an inverse U-shaped course during ageing, with the highest concentration in the middle-aged group without reaching statistical significance. The distinctly elevated cholesterol-related CoQ10 concentration in men compared to women was the most striking sex-related difference and found for all age groups. Compared to the young and middle-aged groups, the proportion of the oxidized form of CoQ10 was higher in older individuals in both sexes. In young subjects (18--40 years) the proportion of oxidized CoQ10 was higher in women than men. The oxidized proportion of CoQ10 was high in the present study (mean 12.9%). Our own previous studies yielded mean oxidized proportions of CoQ10 in healthy children and adults of \~9%,^([@B31],[@B32])^ however, the redox status of CoQ10 was analysed in heparin plasma in these studies. A comparative analysis of intra-day variations of serum versus heparin plasma pool revealed significantly increased oxidized proportions in serum, while the total concentration was unaffected (data not shown). However, this did not influence sex differences or the general age course of the redox status.

The redox status of CoQ10 is suggested to be a useful biomarker of oxidative stress.^([@B33])^ In its reduced form, CoQ10 is one of the most potent endogenously synthesized lipophilic antioxidants.^([@B34])^ A shift towards oxidized CoQ10 is likely a sign of increased oxidative stress.^([@B35]--[@B37])^ High levels of CoQ10 in lipoproteins are directly related to high resistance to initiation of lipid peroxidation.^([@B38])^ Since men had increased cholesterol-related concentrations combined with increased total ubiquinol concentrations, the antioxidative capacity and demand seemed to be sex specific.

Sex-related differences were also found by Del Pozo-Cruz *et al.*,^([@B24])^ who showed that elderly men had greater CoQ10/cholesterol ratios than elderly women; however, men also exhibited higher lipid peroxidation, which suggests an increased demand in antioxidant capacity in old men. That study group also found that BMI did not influence the lipid profile but showed a negative correlation with total CoQ10 level, which contradicts our own findings. We found a positive association between BMI and cholesterol concentration, as well as between BMI and both CoQ10 concentration and oxidized proportion. However, the upper inclusion limits for BMI and cholesterol concentration were set at higher level in our study.

Kaikkonen *et al.*^([@B23])^ found a positive association between total plasma CoQ10 and age, while men had higher levels than women (*n* = 518; age range 45--70 years). Lu and Frank^([@B39])^ found no significant differences in CoQ10 concentration with respect to sex but an age-dependent increase in total CoQ10 concentration (*n* = 1,317; age range 1--94 years). Unfortunately, in both studies, no information was given about lipid-adjusted CoQ10 or redox status. Miles *et al.*^([@B40])^ found in the plasma of self-reported healthy adults (*n* = 148; age range 28--80 years) significantly increased CoQ10 concentration in men compared to women. However, this sex-related difference equalized, when CoQ10 concentration was related to cholesterol. They also reported that the redox status of CoQ10 in plasma was independent of sex. This contradicts our own findings in which sex-related differences in CoQ10 concentration were strengthened after lipid adjustment, and the oxidized proportion of CoQ10 was higher in young women compared to young men. Differences in the analysis of CoQ10 in plasma between the study groups may be explained by factors like race differences or divergent life habits.

In the present study, the cholesterol-related CoQ10 concentrations of adults showed distinctly lower values than those previously found for healthy children,^([@B31])^ in which an age-related decrease during childhood was evident: while infants (*n* = 85, 0--1 year) had mean values of 303 µmol CoQ10/mol cholesterol, there was a significant decrease to 260 in preschool children (*n* = 60, 2--6 years) and to 226 in school-aged children (*n* = 54, 6--15 years). This decrease in lipid-adjusted CoQ10 concentrations during childhood was confirmed by others.^([@B41])^ Likewise, there was a decrease in total CoQ10 during childhood, reaching the level of young adults during school age (mean 0.807 µmol CoQ10/l).^([@B31])^ However, during adulthood the total CoQ10 concentration in blood again increases with age with a peak at 41--60 years, and decreases in old age, especially in men.

Relationships between CoQ10 concentration and total cholesterol, LDL cholesterol, HDL cholesterol, and BMI
----------------------------------------------------------------------------------------------------------

As shown in Table [2](#T2){ref-type="table"}, there was a strong positive correlation between CoQ10 and cholesterol concentrations. Concentrations of both parameters showed similar and parallel changes with age (Fig. [1](#F1){ref-type="fig"}). CoQ10 and LDL-cholesterol concentrations also showed a strong positive correlation (Table [2](#T2){ref-type="table"}). In contrast, HDL-cholesterol level was not significantly related to CoQ10 concentration. The strong relationship between the total cholesterol or the LDL-cholesterol and CoQ10 concentration respectively in serum was anticipated as virtually all CoQ10 in the circulation is associated with lipoproteins.^([@B42])^ Furthermore, CoQ10 and cholesterol share in parts a common synthetic pathway.^([@B22])^ However, the present findings emphasize the necessity for adjustment of CoQ10 concentration to lipid concentration while diagnosing the functional status of CoQ10 in human blood.

Both CoQ10 and cholesterol concentrations were positively correlated with BMI (Table [2](#T2){ref-type="table"}). BMI and the proportion of the oxidized form of CoQ10 were also positively correlated (Table [2](#T2){ref-type="table"}), which indicates increased oxidative stress in obese people.

Correlation between CoQ10 concentration and redox state
-------------------------------------------------------

We found a strong negative correlation (Spearman *p*≤1E-07) between the concentration of CoQ10 and the proportion of the oxidized form of CoQ10 (Table [2](#T2){ref-type="table"}). This correlation was even stronger after correction of CoQ10 concentration for cholesterol concentration. The resulting negative correlation between CoQ10/cholesterol and redox state of CoQ10 reached Spearman values of *p*≤1E-14 (Table [2](#T2){ref-type="table"}). This correlation was present in all age groups. Namely, subjects with a low concentration of CoQ10 had a concomitant reduced redox capacity of CoQ10, meaning less ubiquinol and more ubiquinone. Based on these results, all data points were stratified into four groups, and compartmented into quadrants corresponding to mean values of both cholesterol-adjusted CoQ10 concentration and redox state of CoQ10 (Fig. [2](#F2){ref-type="fig"}). Of special interest are group I (low concentration, high oxidized form) and group IV (high concentration, low oxidized form), representing a low (group I) and high (group IV) CoQ10 status, respectively. Forty-one percent of all subjects in the old-age group (61--82 years) comprised group I, but only 19% group IV. Subjects with low total CoQ10 in the circulation are suspected of having impaired antioxidative capacity, an increased consumption of their antioxidative resources, or to be more susceptible towards oxidative stress. This situation is intensified when the amount of the antioxidant CoQ10 is not able to assure the protection of the lipoproteins. Since subjects in the old age group (61--82 years) showed increased oxidized proportions of CoQ10 combined with decreasing levels in total CoQ10, elderly people may be more susceptible towards oxidative stress. However, future studies should also consider the association between CoQ10 status, age and other biomarkers for oxidative stress, such as glutathione S-transferase or malondialdehyde levels. It was shown by Del Pozo-Cruz *et al.*^([@B24])^ that physical activity in individuals of advanced age increased the levels of total and lipid-adjusted CoQ10, and lowered the levels of lipid peroxidation in human plasma. However, a reliable improvement in antioxidant capacity may be achieved by oral supplementation of CoQ10. Re-analysis of our intervention study^([@B29])^ revealed that supplementation of 150 mg/day ubiquinol for 14 days attenuated the negative correlation between CoQ10 concentration and redox state of CoQ10: the cholesterol-related CoQ10 concentration significantly increased (Mann--Whitney *U* test *p*≤0), and the oxidized proportion of CoQ10 significantly decreased (Mann--Whitney *U* test *p*≤1E-10) while the negative correlation between both parameters flattened (Fig. [3](#F3){ref-type="fig"}).

Conclusions
-----------

In the current study, it was shown that CoQ10 blood concentrations showed an inverse U-shaped course during adulthood. In old people, the antioxidative properties of CoQ10 in the circulation may be impaired, as reflected by a decrease in CoQ10 concentrations, accompanied by a shift in redox status in favour of the oxidized proportion. This shift in redox status was seen in both sexes; however, women irrespective of age had lower cholesterol-adjusted CoQ10 levels in comparison to men. Therefore, women may either be more susceptible to oxidative damage or men may have an increased demand in antioxidant capacity. There is a clear negative correlation between the cholesterol-adjusted CoQ10 level and its oxidized proportion of CoQ10. Thus, the decrease of CoQ10 levels in old age associated with a loss of antioxidant capacity is not limited to human tissues or cell organelles, but applies also to lipoprotein protection in the blood. The concurrent occurrence of low cholesterol-adjusted concentrations and high oxidized proportions of CoQ10 increase the susceptibility to oxidative stress in old age, which may be overcome by oral supplementation.
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###### 

CoQ10 status and cholesterol level in 860 study subjects divided into age groups stratified by sex

                                       Age-range number (K/J)   18--40 326 (129/197)   41--60 388 (177/211)   61--82 146 (55/91)
  ------------------------------------ ------------------------ ---------------------- ---------------------- --------------------
  CoQ10 (µmol/L)                       Total                    0.759 ± 0.268^A^       0.885 ± 0.302^C^       0.830 ± 0.235^B^
  Male                                 0.796 ± 0.293^A^         0.939 ± 0.335^B^       0.835 ± 0.235^AB^      
  Female                               0.734 ± 0.248^A^         0.839 ± 0.265^B^       0.827 ± 0.236^B^       
  *p*≤ (K vs J)                                                 0.01                                          
                                                                                                              
  Cholesterol (mmol/L)                 Total                    4.33 ± 0.79^A^         4.78 ± 0.73^B^         4.80 ± 0.68^B^
  Male                                 4.27 ± 0.88^A^           4.83 ± 0.74^B^         4.53 ± 0.60^A^         
  Female                               4.37 ± 0.72^A^           4.74 ± 0.71^B^         4.97 ± 0.67^C^         
  *p*≤ (K vs J)                                                                        0.001                  
                                                                                                              
  CoQ10/cholesterol (µmol/mol)         Total                    175 ± 53^A^            184 ± 53^A^            173 ± 44^A^
  Male                                 185 ± 51^A^              192 ± 53^A^            184 ± 46^A^            
  Female                               169 ± 54^A^              177 ± 53^A^            166 ± 42^A^            
  *p*≤ (K vs J)                        0.005                    0.005                  0.01                   
                                                                                                              
  Redox-status (% oxidized in total)   Total                    12.7 ± 2.4^A^          12.8 ± 2.2^A^          13.7 ± 2.0^B^
  Male                                 12.4 ± 2.7^A^            12.5 ± 2.0^A^          13.7 ± 2.3^B^          
  Female                               12.9 ± 2.1^A^            13.0 ± 2.4^A^          13.6 ± 1.9^B^          
  *p*≤ (K vs J)                        0.005                                                                  

Data are shown as mean ± SDM; data with different superscripts are statistically different in regard to age groups as calculated by ANOVA (Scheffe post-hoc test) *p*≤0.05; sex-related differences within age groups were calculated by Mann--Whitney *U* test.

###### 

Correlation (Spearman's rank correlation) of parameters of CoQ10 status, cholesterol concentration, and BMI in 860 study subjects ranging in age from 18 to 82 years

  Parameter 1                       Parameter 2          *p*≤       Correlation
  --------------------------------- -------------------- ---------- -------------
  Total CoQ10                       Total cholesterol    1.00E-74   0.57
  Total CoQ10                       HDL-cholesterol^§^   ns         
  Total CoQ10                       LDL-cholesterol^§^   1.00E-30   0.54
  Total CoQ10                       BMI                  1.00E-04   0.13
  Total cholesterol                 BMI                  0.001      0.12
  Redox-status (% oxidized CoQ10)   BMI                  0.002      0.10
  Redox-status (% oxidized CoQ10)   Total CoQ10          1.00E-07   --0.18
  Redox-status (% oxidized CoQ10)   CoQ10/cholesterol    1.00E-14   --0.27

^§^HDL and LDL data in *n* = 383 subjects
